Filling missing data in forest research is paramount for the analysis of primary data, forest statistics, land use strategies, as well as for the calibration/validation of forest growth models. Consequently, our main objective was to investigate several methods of filling missing data under a reduced sample size. From a complete dataset containing yearly first-rotation tree growth measurements over a period of eight years, we gradually retrieved two and then four years of measurements, hence operating on 72% and 43% of the original data. Secondly, 15 statistical models, five forest growth functions, and one biophysical, process-oriented, tree growth model were employed for filling these data gap representations accounting for 72% and 43% of the available data. Several models belonging to (i) regression analysis, (ii) statistical imputation, (iii) forest growth functions, and (iv) tree growth models were applied in order to retrieve information about the trees from existing yearly measurements. Subsequently, the findings of this study could lead to finding a handy tool for both researchers and practitioners dealing with incomplete datasets. Moreover, we underline the paramount demand for far-sighted, long-term research projects for the expansion and maintenance of a short rotation forestry (SRF) repository.
Background and Summary
Biomass generated from dedicated energy crops, such as short rotation forestry (SRF), is gaining recognition as a flexible source of energy, heat, fuel, bio-based materials, and chemicals [1, 2] . SRF refers to growing fast-growing tree species, planted at a high density [3] , and harvesting the trees in rotations of two to six years in order to produce woody biomass [4] . Hence, the planting popularity of fast-growing tree species belonging to the genera Populus, Eucalyptus, Pinus, Acacia, and Salix has increased as a result of the progressively higher demand for woody biomass for energy purposes [5] [6] [7] [8] [9] [10] [11] .
In order to support such demands, management decisions in the practice of SRF require systematic measurements of trees for repository and database monitoring. Paramount for forest managers are accurate estimates of tree height, root height diameter (RHD), and breast height diameter (BHD) for the determination of timber volume [12] .
However, forest research is oftentimes confronted with missing data in field measurements [12] due to sampling infeasibilities (bad weather, lack of equipment, lack of technical expertise), sampling irregularities across years, inaccurate estimations (allometric functions and the vast amount of methods that can be used for calculating one parameter), or failure of equipment (dendrometers, lysimeters, station maintenance) [13] . Moreover, the available studies performed on SRF describe annual data values, collected over a few years from tens or hundreds of tree measurements, occasionally together with the standard deviation and number of samples, which nevertheless, leads to condensed annual information about the actual growth characteristics. The complete dataset (100%), together with two data gap representations containing 72% and 43% of the original data for the tree root height diameter, breast height diameter, and tree height. The data are represented by the average value (blue circles and red squares for the existing and missing data, respectively), as well as by the standard deviation (blue and red error bars for the existing and missing data, respectively) and the sample size (n), when available.
Methods
For the objective of this study, we neglected the listwise deletion, an approach where missing observations are removed, and focused on imputing those missing values from the existing part of the data. In statistics, imputation is an approach where missing data are substituted, thus creating a standard method for handling missing data [16] . Nevertheless, we did not use zero or constant imputation, which replace the missing value with either zero or a constant value, respectively.
However, when filling missing data only through statistical imputations, the temporal resolution remains dependent on the existing data. Therefore, we also investigated the possibility of retrieving information on a finer temporal resolution (monthly, daily) from existing yearly measurements, with the help of a biophysical, process-oriented, tree growth model. Collectively, our analysis employed (i) regression analysis, (ii) statistical imputation, (iii) forest growth functions, and (iv) a tree growth model, which accounted for the competition for resources between trees.
Regression Analysis
Regression analysis is a part of inference statistics where relationships between parameters are examined. Thus, a "best fit" function (curve) with minimum residuals is assigned to the existing data points. For the conciseness of this study, standard textbooks for inference biostatistics methods by Linder [17] , Mudra [18] , and Rasch [19] are recommended.
Accordingly, ten regression models (Table 1) were applied to the established data gap representations by using the "Curve Fitting Toolbox" from MATLAB (version R2017a, Mathworks). 
Model Name General Model
In this section, only MCAR data were taken into consideration because the data size of the response variable had to be the same as that of the predictor variable. Accordingly, the progression of an individual parameter was investigated over time, together with the progression of an individual parameter depending on another parameter.
Interpolation
Interpolation is a part of inference statistics where an exact fit to the existing data points is identified. Accordingly, four regression models ( Table 2) were applied to the established data gap representations by using the "Curve Fitting Toolbox" from MATLAB (version R2017a, Mathworks). As in the previous section, only MCAR data were taken into consideration, and the progression of an individual parameter was investigated over time, as well as its progression depending on the other parameters.
Multiple Imputation
Substituting missing values by multiple imputations can represent a general-purpose approach for handling missing data. Just as the name suggests, this approach creates multiple substitutes for a missing data point from all the information present in an existing dataset [20] .
One of the most robust and accessible multiple imputation programs is represented by the Amelia II R-Package [20] . By employing Amelia II and the R software (version 3.4.2, R Core Team 2017), both MCAR data and MAR data were taken into consideration in this section for analyzing both the progression of an individual parameter over time and the progression of an individual parameter depending on another parameter.
Forest Growth Functions
Some of the essential forest growth functions [15] are presented in Table 3 . Other functions were not added to this list because they resemble a general model presented previously, in Section 3.1. For example, the diameter-height relationship proposed by Assmann [21] (H = a 0 + a 1 × d + a 2 × dˆ2) resembles the second-degree Polynomial, and the allometric function [15] (a × xˆb) resembles a Power function with one term. For this section, we used the MATLAB environment (version R2017a, Mathworks). Table 3 . The investigated forest growth functions.
Model Name General Model
Assmann [21] H = a + b × lnD Korsun [22] H = exp(a 0 + a 1 × ln(D) + a 2 × ln(D)ˆ2) Michailoff [23] H = a 0 × exp(− a 1 /D) + 1.3 Petterson [24] H = (D/(a 0 + a 1 × D))ˆ3 + 1.3 Prodan [25] H = Dˆ2/(a 0 + a 1 × D + a 2 × Dˆ2) + 1.3 H: height; D: diameter.
In this case, only MAR data were used and only for analyzing the progression of tree height with respect to tree diameter.
Process-Oriented Tree Growth Model
In a thorough review, Pretzsch et al. [26] compared 54 forest growth models in terms of characteristics and interactions that occur in forests both at an individual tree level and stand level. Accordingly, several models were identified as able to simulate the growth of poplar trees with respect to the specific tree phenology, light, and water availability. However, since this study focused on retrieving information about tree growth from a limited availability of data, the Yield-SAFE model was employed.
The Yield-SAFE model (Yield Estimator for Long-term Design of Silvoarable AgroForestry in Europe) is a parameter-sparse, biophysical and eco-physiological, process-oriented model, developed for growth processes in forestry, agriculture, and agroforestry systems [27] [28] [29] . Heretofore, the Yield-SAFE model has been calibrated and validated for poplar, walnut, cherry, holm oak, and stone pine trees in the Atlantic and Mediterranean regions of Europe [29] [30] [31] [32] [33] .
The main reasoning behind choosing the Yield-SAFE model, as implemented in MATLAB, stood in its ability to render robust results under a scarcity of data [28] . In order to calibrate the model, a set of parameters and inputs was required, namely weather data (daily averages of temperature, precipitation, and global radiation) over the investigated growth period, and site-specific soil and tree parameters.
The weather data were gathered from the DWD (Deutscher Wetterdienst) station Weimar (station ID: 05419). The tree parameters were set according to annual reports [14] and adapted from literature [28, 29] . The clay and sand contents were 28%, and 8%, respectively [14] , which classified the soil texture as "medium-fine" [34] , and hence the Mualem-van Genuchten soil parameters were set accordingly from existing estimations [34] . Collectively, the tree and soil parameters used in the Yield-SAFE model are shown in Table A1 (Appendix A). In this section, only the progression of the RHD over time was substituted as part of the MAR data.
Statistical Analysis
The performance of the investigated models was evaluated by the coefficient of determination (R 2 ), sum of squared errors (SSE), root-mean-square error (RMSE), mean absolute error (MAE), as well as by the concordance correlation coefficient (CCC) and simulation bias (SB) from the observations. In order to account for the variability of observations and to avoid overfitting, the best fit of the investigated models was chosen with respect to the closeness to the average, as a representative for the location of the majority of measurements.
A fit was considered useful for prediction when R 2 values were closer to 1.0 and when SSE, RMSE, and MAE values were closer to 0.0. Regarding the CCC and SB, a study performed by Ojeda et al. [35] proposed the following labels for model validation: "very good" for CCC > 0.90 and SB < 20%, "satisfactory" for 0.75 < CCC < 0.90 and 20% < SB < 30%, "acceptable" for 0.60 < CCC < 0.75 and 30% < SB < 40%, and "poor" for the rest of the cases. Together with these recommendations, the performance of the models was categorized in terms of the CCC and SB, as well as in terms of the R 2 , SSE, RMSE, and MAE, while striving for a normal distribution of residuals.
Results and Discussion
Regarding the complete reported dataset, the individual data points for each year were spread out over a wide range of values, especially for the diameter measurements ( Figure 1 ), amounting to around ±25% for the tree heights and around ±40% for both tree diameters, as compared to their respective average values. This is, however, the case for many fast-growing tree species such as poplar (Populus spp.) [36, 37] and black locust (Robinia Pseudoacacia L.) [36] , which show great growth variability, even when planted at the same time and on the same land area. By comparison, first-rotation poplar trees established at the experimental site Neißetal reported a standard deviation of about ±30% for the tree heights and about ±40% for the root height diameter (RHD) over three years of growth [36] . At Wendhausen, the measurement variability of breast height diameter (BHD) amounted to around 39%, as compared to the average of all values and over six growing years [37] .
Regression Analysis
Most of the investigated ten regression models were able to fit a curve to the existing data within the limits set by the standard deviation, except for Exponential and one-term Power models (due to an inability to fit the progression of tree dimensions over time) and the Fourier model (due to an inability to fit when subjected to the 43% data gap representation). For the conciseness of the paper, the goodness of validation of all applied regression models is presented in Table A2 .
Generally, the Gaussian model performed the best, being closely followed by the Power model with two terms, Sum of Sine, and the first-degree Polynomial, then the second-degree Polynomial. The lower end was represented by the Rational, Fourier, Exponential, and one-term Power models in descending order, and finally the Linear Fitting.
As an example of the capability of the models to infer missing data from the available 43% data gap representation of RHD, three regression models labelled as "very good" (Gaussian), "satisfactory" (Sum of Sine), and "poor" (Linear Fitting) are selected and presented in Figure 2 .
Visible differences can be noticed between the three regression models presented in Figure 2 , justifying the requirement of several regression evaluation metrics and highlighting the importance of even slight differences between them. While the R 2 , SB, and CCC suggested a "very good" performance of all three models, they were labelled as "very good" (Gaussian), "satisfactory" (Sum of Sine), and "poor" (Linear Fitting) given the differences in SSE, RMSE, and MAE. Even if the deviations from the fitted curve to the observations seem small, significant biases can later arise from further calculations.
Interpolation
All of the investigated interpolation models were capable of finding a fit encompassed in the range of observations. However, when striving for the average value, as a central tendency for most of the observations, the interpolation models generally performed the best to worse in the following sequence: Linear > Cubic > PCHIP > Nearest Neighbor. For the conciseness of the paper, the goodness of validation of all applied interpolation models is shown in Table A3 .
However, since the SSE, RMSE, and MAE values were rather high when fitting the tree height over time, the 72% data gap representation of tree height was furtherly examined ( 
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However, since the SSE, RMSE, and MAE values were rather high when fitting the tree height 233 over time, the 72% data gap representation of tree height was furtherly examined (Figure 3 ). Since interpolation techniques generally find an exact fit to the existing data, they assume no measurement errors, suggesting that their applicability to real-life scenarios is limited. Moreover, while interpolation is easy and fast, it does not consider the correlations between features, and it does not account for the uncertainty in the imputations.
Therefore, even if Figure 3 displays rather accurate estimations of tree height over time and under limited data availability, the four interpolation models were labelled as performing "very good" (Linear, Cubic, PCHIP) and "poor" (Nearest Neighbor) when applied to the 72% tree height data gap representation.
Multiple Imputation
Most of the imputations rendered by Amelia II fell within the whole range of measurements. However, when considering the majority of values, only a few results of Amelia II were labelled as performing better than "acceptable" (Table 4 ). 
Forest Growth Functions
Most of the investigated forest growth functions were labelled as delivering a "very good" performance ( Table 5 ). Accounting for all regression evaluation metrics, the Korsun [22] model fit the best, followed by Michailoff [23] and Petterson [24] , Prodan [25] , and then Assmann [21] . Table 5 . The goodness of validation of forest growth functions in terms of the coefficient of determination (R 2 ), sum of squared errors (SSE), root-mean-square error (RMSE), mean absolute error (MAE), as well as the concordance correlation coefficient (CCC) and simulation bias (SB) from the observations. 
Process-Oriented Growth Model
If not for a high simulation bias from observations in the first years (Figure 4) , the performance of the Yield-SAFE model would have been generally labelled as "very good" for this experimental site ( Table 6 ). 
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The Yield-SAFE model rendered "satisfactory" correspondences with the measured tree root 281 height diameters under 43% availability of data, with deviations between 17% and 51% in the first 282 three years and between 1% and 4% in the following four years.
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Notable to this section was that, by using a biophysical, process-oriented model, there was a The Yield-SAFE model rendered "satisfactory" correspondences with the measured tree root height diameters under 43% availability of data, with deviations between 17% and 51% in the first three years and between 1% and 4% in the following four years.
Notable to this section was that, by using a biophysical, process-oriented model, there was a possibility of retrieving information on a finer temporal resolution (monthly, daily) from existing yearly measurements. Moreover, information about other parameters became available, such as the woody biomass and the soil water content of the site throughout the growing period ( Figure 5 ). 
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The tree woody biomass and the soil water content, as simulated by the Yield-SAFE model, were 291 broadly corroborated by on-site assessments. According to reported values, an average tree woody 292 biomass of around 52 Mg ha -1 was harvested from the poplar SRF area at the end of vegetation period 293 2014 (winter season 2015) [14] . Regarding the soil water content, between 13% and 24% was reported 294 at the beginning of June 2012, and between 15% and 35% at the end of November 2012 [14] .
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It is notable that, while tree growth models are widely used for prediction purposes, either for 296 future risk assessments or under different climatic, edaphic, and management scenarios, this study 297 emphasized another role of such models, namely, for imputing gaps in knowledge. 
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From the curve-fitting models, the Gaussian model performed the best, being tightly followed 307 by the Power model with two terms, Sum of Sine, and the first-degree Polynomial, then the second-308 degree Polynomial. Nearing this performance, the Linear, Cubic, and PCHIP interpolation models The tree woody biomass and the soil water content, as simulated by the Yield-SAFE model, were broadly corroborated by on-site assessments. According to reported values, an average tree woody biomass of around 52 Mg ha −1 was harvested from the poplar SRF area at the end of vegetation period 2014 (winter season 2015) [14] . Regarding the soil water content, between 13% and 24% was reported at the beginning of June 2012, and between 15% and 35% at the end of November 2012 [14] .
It is notable that, while tree growth models are widely used for prediction purposes, either for future risk assessments or under different climatic, edaphic, and management scenarios, this study emphasized another role of such models, namely, for imputing gaps in knowledge.
Conclusions
This paper presented and analyzed the performance of several models belonging to (i) regression analysis, (ii) statistical imputation, (iii) forest growth functions, and (iv) a tree growth model to retrieve information about trees from existing yearly measurements. When taking into consideration the entire range of measured data, the performance of all investigated models was deemed as "very good". However, when focusing on the area comprising most of the observations, or the central tendency of the data, as shown by the average, significant differences arose between the models.
From the curve-fitting models, the Gaussian model performed the best, being tightly followed by the Power model with two terms, Sum of Sine, and the first-degree Polynomial, then the second-degree Polynomial. Nearing this performance, the Linear, Cubic, and PCHIP interpolation models also showed good correspondences with the measurements, both under 72% and 43% data gap representations. The forest growth functions rendered good results, following the sequence: Korsun [22] > Michailoff [23] and Petterson [24] > Prodan [25] > Assmann [21] . Unsurprisingly, most of these models performed better under higher data availability, i.e., under 72% of existing data, as compared to 43% of existing data.
The Yield-SAFE model simulated the daily growth of the hybrid-poplar clone "Max I" in terms of root height diameter with satisfactory accuracy, responding sensitively to changes in the edaphic and climatic conditions. Additionally, the performance of the model was sustained by other parameters, such as the tree woody biomass and soil water content, which matched reported values. Last but not least, this study showed that a process-oriented model such as Yield-SAFE can provide descriptions of tree growth and soil water content on a finer, daily temporal scale from a scarce availability of data.
Therefore, the findings of this study could subsequently lead to finding a handy tool for both researchers and practitioners dealing with incomplete datasets. In the future, for a better understanding and reproducibility of studies, box plots should be increasingly used, showing minimums, maximums, medians, means, outliers, and the interquartile range. Moreover, we underline the paramount demand for far-sighted, long-term research projects for the expansion and maintenance of an SRF repository. 
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